Keratin gene expression profiles after digit amputation in C57BL/6 vs. regenerative MRL mice imply an early regenerative keratinocyte activated-like state THE ABILITY TO REGENERATE amputated appendages is generally associated only with amphibians (6, 33) . It is not a characteristic associated with mammals though there are several exceptions. The closure of ear holes with the formation of a blastema and the regrowth of cartilage have been reported in the rabbit (18) and in a single mouse strain, the MRL (10) , and its parent strain LG/J (27) . The digit tip has been shown to regrow in both mouse and human (4, 7, 21, 25, 31, 32, 43, 47) , though amputation below the first proximal joint leads to scarring and no growth (25, 31) . Studies of digit amputation in the second phalange in the MRL mouse has indicated that blastema formation does occur but is followed after 2 wk by an apoptotic response eliminating new tissue. This is followed by a second attempt at blastema formation. However, full regrowth and replacement of lost tissue are not seen. This is in contrast to the response seen in C57BL/6 (B6) and Swiss Webster (SW) mouse tissue in which blastema formation is never seen (20) .
In the current study, we explored the genes involved in a digit amputation response model in both MRL and B6 mice. Tissue was obtained on days 0, 3, 7 , and 14 postdigit amputation and analyzed by microarray analysis. Two related gene families in particular stood out as differing significantly in their expression patterns between MRL and B6, the Krt and Krtap gene families. Upon examination of direct gene expression levels in each strain and ratios of injured vs. normal tissue, we observed three different patterns of expression with the following properties. In class 1, containing only two genes, the Krt genes Krt6 and Krt16 were initially expressed at low levels in uninjured B6 and then upregulated following injury and were initially expressed at high levels in uninjured MRL but then were downregulated following injury. In class 2, Krt genes were initially expressed at high levels in uninjured B6 tissue but then were downregulated following injury, while in uninjured MRL they were expressed at low levels followed by higher levels following injury. In class 3, Krt genes exhibited no significant expression differences over time. Examination of the Krt6 and Krt16 genes at the level of protein expression showed differences not only in the digit but also in regenerating MRL and B6 ear tissue, flank skin, and small intestine.
Epidermal keratinocytes exhibit two alternative pathways: differentiation and activation. The activation pathway is launched in response to epidermal injury or certain pathologic conditions (17) . Given that Krt6 and Krt16 are considered to be markers of keratinocyte activation (17) , our data suggest that the keratinocyte in MRL mouse skin is in an activated state. Further exploration of expression data for other genes supported the existence of this activated state in the MRL prior to wounding.
METHODS
Mice. Female mice, ages 3-4 mo, were used in all experiments. The MRL/MpJ (MRL) mice were obtained from the Jackson Laboratories (Bar Harbor, ME), and the B6 mice were obtained from Taconic Laboratories (Germantown, NY). Animals were maintained under standard conditions at the Wistar Institute Animal Facility (Philadelphia, PA), and the protocols were in accordance with institutional regulations.
Surgical procedures. Mice were anesthetized with ketamine-xylazine (90/9 mg/kg ip). Both hind feet were scrubbed with chlorohexaderm and rinsed with 70% ethanol. Using a #10 scalpel, we amputated the middle digit on both rear paws at the level of 50% of the second phalanx. Bleeding was controlled by digital pressure and sterile gauze. Subsequent to amputation, animals were given buprenorphine (2 mg/kg sc) every 6 -8 h for 2 days for analgesia. Animals were observed during anesthetic recovery to ensure hemostasis. Mice were euthanized at various times postsurgery with CO 2 to obtain RNA and histological specimens. This surgery protocol was approved by the Wistar Institute Institutional Animal Care and Use Committee.
Histological techniques. Digit tissue was treated with Carnoy's fixative for 24 h, followed by decalcification with Morse's decalcifying solution for 24 -48 h as previously described (20) , subjected to final processing with a Citadel 1000 Shandon Tissue Processor (Thermo-Fisher), and then paraffin embedded. Later, 5 m thick sections were cut. Samples were collected from at least three separate animals for each time point and strain. Ear tissue was treated with Prefer fixative, followed by ETOH, and then PBS each for 24 h. Paraffin embedding was followed by sectioning of tissues at 5 m.
Immunohistochemistry. To examine keratin expression, immunostaining with antibodies for Krt6 (Neomarkers cat. #MS-766-PO, mouse monoclonal, 1:100 dilution), Krt10 (Chemicon cat. #MAB1605; mouse monoclonal, 1:100 dilution); and Krt16 (Epitomics cat. #2142-1, rabbit monoclonal, 1:100) was performed. Tissue sections were incubated with 2% BSA as a blocking buffer for 1 h, at room temperature (RT), then primary antibody was applied for 16 h at ϩ4°C. After washing the tissue in 1ϫ PBS, we applied secondary antibody for 1 h RT. Alexa Fluor 594-labeled goat anti-mouse secondary antibody (1:500; Molecular Probes, Invitrogen, cat. #A11005) was used for detecting Krt6 and Krt10 and Alexa Fluor 488 goat anti-mouse secondary antibody (1:500, cat. #A11008; Molecular Probes, Invitrogen) was used for detecting Krt16. Controls were carried out with secondary antibodies alone after BSA blocking of tissue. For quantitation and image analysis, ImageJ v1.46f software, provided by the National Institutes of Health (NIH), was used. The entire area of newly formed tissue plus an additional tissue zone of 100 -150 m of the surrounding distal aspect of the cartilage was analyzed.
RNA analyses. Total RNA was isolated from injured and normal digits by homogenizing individual digits in TRIzol (Gibco) with further processing and purification using an RNeasy Mini kit (Qiagen cat. #74104). Three replicates from each strain for each time point was analyzed, and two digits from MRL and four to six digits from B6 were used for each replicate. Amputation was performed as shown in Fig. 1 where the digit tip was excluded and included tissue only from the second phalange. The Genomics Resources Core Facility at Weill Cornell Medical College performed the preparation of cRNA, quality control, and hybridized microarray chips. Briefly, the quantity and quality of the total RNA were assessed using the NanoDrop ND-1000 Spectrophotometer (Thermo Scientific, Wilmington, DE) and Agilent Bioanalyzer (Santa Clara, CA). For the microarray analyses we enriched for mRNA species from 1 g of total RNA by reduction of the 28S and 18S rRNA species with the RiboMinus Human/Mouse Transcriptome isolation Kit (Invitrogen) according to the manufacturer's protocol. Reduction of rRNA minimizes background and thereby increases array detection sensitivity and specificity. Double-stranded cDNA was synthesized and transcribed into sense cRNA that was reverse transcribed into single-stranded (ss) sense DNA. The ssDNA was fragmented and subsequently biotinylated through labeling with recombinant terminal deoxynucleotidyl transferase covalently linked to biotin with the Whole Transcript Sense Target Labeling Kit (Affymetrix) according to the manufacturer's protocol. The biotinylated cDNA was hybridized to the GeneChip Mouse Exon 1.0 ST arrays (Affymetrix) for analysis of Ͼ80,000 transcripts present on a single array. Following array hybridization, the GeneChip arrays were washed, stained, and scanned by GeneChip Scanner 3000 7G according the manufacturer's instructions (Affymetrix Expression Analysis technical manual). Affymetrix GeneChip Command Console Software was used for image acquisition to provide data for "gene level" expression analysis only. All microarray analyses were performed in triplicate. Three separate chip experiments were performed for each normal tissue and each day postamputation for both B6 and MRL strains. For quantitative reverse transcriptase-PCR (q-rtPCR), 1 g of total RNA was reverse transcribed into cDNA (iScript cDNA synthesis kit, Bio-Rad) that served as a template for real-time PCR analysis of mRNA expression (LightCycler 480 SYBR Green I Master kit, Roche). PCR reactions were performed on a Roche LightCycler under the following conditions: 95°C for 5 min, followed by 95°C for 10 s, 58°C for 20 s, and 72°C for 30 s for 45 cycles. Primer sequences used to amplify the mouse transcripts, including Krt6a, Krt6b, Krt10, Krt16, and GAPDH, were designed to span exon-exon boundaries (Table 1 ) Primer pairs were initially tested in standard PCR and shown to amplify a single product by agarose gel electrophoresis prior to q-rtPCR. Linearity of the threshold values (CT) was confirmed by running a dilution series of cDNA with each primer pair. Changes in gene expression were determined by averaging CT values for duplicate PCR reactions from three mouse digits and calculated as % change compared with control samples and expressed in values normalized to GAPDH mRNA expression as previously described (22) . All gene expression values are expressed as means Ϯ SE from the triplicate experiments. Statistical analyses were performed by ANOVA or Student's t-test. P Ͻ 0.05 was considered significant.
Microarray data processing and statistical analysis. The robust multiarray average in Expression Console software (Affymetrix, Santa Clara, CA) was used for background correction, normalization, and probe set summarization as gene-level analysis, rather than exon level analysis (5, 37) . In the following filtering step, the significance analysis microarray (SAM) algorithm (42) was used with a false discovery rate of Ͻ5% to process each of the normalized datasets for individual genes' statistical significance between the ratios day X and day 0, where X ϭ 3, 7, and 14 for both MRL and B6. A total of 12,772 genes passed SAM analysis at least for one of six conditions. With the further criteria of more than twofold change, six different day-specific gene subsets for MRL day 3 (430 genes), day 7 (310 genes), day 14 (391 genes), and B6 day 3 (1,016 genes), day 7 (965 genes), and day 14 (660 genes) were generated that met the significance criteria. Other statistical analyses for t-test and Fisher's exact test in this document were implemented in the R language. The complete raw and normalized microarray data have been deposited in National Center for Biotechnology Information's Gene Expression Omnibus (GEO) and are accessible through GEO Series accession number GSE26227 (http://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?accϭGSE26227). The microarray analyses we performed are presented in Figs. 2-9 and Table 2 in this study.
Pathways analysis. STRING (http://string.embl.de/), a web-based protein interactions database (26) , was used to create the mouse first nearest neighbors based protein-protein interaction (PPI) network shown in Fig. 8 . The PPI network was created starting with Krt16 and Krt6b and a number of other prominent proteins (Csf1, Csf2, Csf3, Egf, Egfr, Icam1, Ifng, Il1a, Il1b, Il1rn, Il3, Il6, Il8rb, krt1, krt10, krt14,Krt17, Krt5, Tgfa, Tgfb1, Tgfb2, Tgfb3, Tnf, Tnfaip3, S100a8, and S100a9), defining the keratinocyte activation cycle as described in a review article (17) . The result was a network with 40 genes and 313 interactions with the medium confidence score level defined by STRING. Cytoscape (http://www.cytoscape.org/), an open-source software for pathway analysis (11) , was subsequently used to create the visual representation of the PPI network applying our microarray results of individual gene strain expression differences between B6 and MRL mice based on the build network from STRING (see Fig. 8 ).
RESULTS

Total genome and keratin gene expression response.
Microarray experiments were carried out with RNA extracted from digit amputation tissue as depicted in Fig. 1 . Out of 16,661 genes represented on the Affymetrix mouse exon 1.0 array mouse genome chip, 12,772 genes passed the SAM statistical test. These genes' expression behavior was initially examined as lists of upregulated or downregulated genes ranked by fold-change (data not shown). There appeared to be a significant enrichment in keratin genes and keratin-associated genes in these lists that possessed high fold-change levels postamputation. For this reason we compare in Fig. 2 the temporal behavior of Krt and Krtap genes to all expressed genes on the chip. The data point for every gene is displayed as a log 2 (ratio) for each day postamputation normalized to day 0 for the MRL strain values (y-axis) plotted vs. the B6 strain values (x-axis). Krts and Krtaps are presented as filled symbols, while all other genes are open symbols. Figure 2 , A, B, and C, displays the respective fold-change expression levels for day 3 compared with day 0, day 7 with day 0, and day 14 with day 0. In Fig. 2A , there is a clear total gene expression trend for day 3 compared with day 0, in that the subset of genes most upregulated in the B6 strain tended to be most downregulated in the MRL strain. By contrast, the subset of genes most downregulated in B6 were most upregulated in MRL. There is no similar trend evident in Figure 2 , B and C, displays a somewhat similar behavior for Krt and Krtap genes.
Apart from the visual fold-change enrichment of Krt and Krtap genes observed in Fig. 2 , we wished to assess the statistical significance of their enrichment. To carry this out numerically we established arbitrary binning criteria of twofold upregulation or downregulation. For each category, the numbers of total genes and Krt and Krtap genes were determined that were, respectively, more than twofold upregulated or more than twofold downregulated relative to their uninjured control tissue levels (data not shown). Next, we examined the % of Krt and Krtap genes contained within the more than twofold upregulated and downregulated gene groups for each mouse strain at each time point as well as the % ratio for the MRL relative to the B6 strain. Within the group of genes upregulated more than twofold, the MRL strain contains a significant number that are Krt and Krtap genes, while the B6 strain contains very few, clearly indicating MRL is enriched in upregulated Krt and Krtap genes. Determining the % Krt and % Krtap genes in the total over twofold upregulated genes, there is 37-fold more Krt and Krtap genes upregulated in MRL than those in B6 at day 3 postamputation. Just the opposite fold-change behavior is exhibited within the more than twofold downregulated genes. For this criterion, the % Krt and % Krtap genes in MRL varies from 0.08 to 0.24 that of B6 for days 3-14 postamputation. Statistical analysis of these enrichment data by Fisher's exact test, where our sample sizes are small, demonstrated a statistically significant difference (all have P value Ͻ 0.02, data not shown) in the % of Krt and Krtap genes upregulated or downregulated between the B6 and MRL strains for all postamputation time points with the exception of the twofold upregulated genes on day 7. Therefore, in our study we focused on characterizing this statistically significant Krt and Krtap gene differential temporal expression behavior in the two mouse strains.
Chromosome 11 locus and individual krt and krtap gene behavior. In the mouse genome, Krt and Krtap gene loci are located on chromosomes (chr) 7, 11, 15, and 16. The majority of Krt genes reside on chr 11 and 15. The few genes on chr 7 exhibited unremarkable expression change behavior (data not shown); thus, we focused our analyses on chr 11 and 15 Krt and Krtap genes.
We examined the temporal response of individual Krt and Krtap genes following digit amputation. In Fig. 3 , the Krt and Krtap chr 11 locus gene expression ratios are presented for B6 in Fig. 3A and for MRL in Fig. 3B . The x-axis displays the postamputation time points assayed with expression ratios presented as log 2 (day X/day 0) values. Each temporal response line in Fig. 3 represents the behavior of a single gene over time. Some genes exhibit dramatically different behavior between B6 and MRL mice, while others show minor to negligible differences. The Krt and Krtap responses can be divided into three classes of response ratios: 1) high in B6 but low in MRL, which contains just one gene, Krt16; 2) low in B6 but high in MRL; and 3) largely unchanged in B6 and MRL. Based on the t-test for significance, class 2 vs. 3 show significant differences in their means (P Ͻ 6.8E-12), while the class 1 mean (3.58) falls at least 6 standard deviations (0.58) beyond the mean of class 2 (Ϫ0.54). This demonstrates that these three response ratio classes are statistically distinct from each other. Krt16 In Table 2 we provide a summary of all the Krt and Krtap genes' chromosomal location, identity, class type, and initial expression behaviors. For both chr 7 and 16 the genes behave similarly to the class 2 genes we observed on chromosomes 11 and 15. In the case of the chromosome 11 and 15 genes, Table  2 also contains the data for the large assembly of Krtap proteins that exist on chr 16. These keratin-associated protein species all possess similar characteristics to the keratin class 2 proteins. They are all highly expressed in B6, but low in MRL at day 0, and then subsequently reverse their gene expression levels significantly by day 3.
Next, we examined the absolute expression levels of individual Krt and Krtap genes between the B6 and MRL strains to provide insights into differences between nonregnerating B6 vs. regenerating MRL mouse strain behavior not provided by an expression ratio change view. Figure 4 , A and B, displays absolute gene expression levels (log 10 values) for the same genes presented as expression ratios in Fig. 3, A and B . Here, the same three expression pattern classes are represented. Class 3 genes, with unchanged expression ratio levels, possess values that cover ϳ320-fold expression level difference in both B6 and MRL strains. Class 2 genes, with expression ratios low in B6 and high in MRL, cover a lower range of absolute expression levels, ϳ10-fold in both B6 and MRL strains. An obvious strain difference exists between day 0 uninjured tissues and the earliest day 3 postamputation tissue values. B6 and MRL strains start with very different expression levels of each of the class 2 genes with B6 genes more highly expressed at day 0 but dropping significantly by day 3. By contrast, MRL exhibits the exact opposite behavior; the same genes start at lower expression levels than B6 but rise significantly from day 0 to day 3 postamputation. In both strains, these genes are expressed at near similar levels at days 7 and 14. The single class 1 gene, Krt16, exhibited a response (Fig. 4) that is opposite to that of the class 2 genes. In uninjured tissue at day 0, absolute expression was low in the B6 strain but was significantly higher in MRL. By day 3, the expression levels had increased ϳ12-fold in B6 but decreased in MRL to ϳ40% of their initial values.
Our microarray analysis of Krt gene expression was confirmed by q-rtPCR analysis of Krt10 and Krt16 mRNA expression in the regenerating mouse digits, as shown in Table 2 . The class 1 gene, Krt16, and the class 3 gene, Krt10, displayed similar absolute mRNA expression levels at day 0. Krt16 and Krt10 exhibited changes in day 3 postamputation mRNA expression that mirrored our microarray data in B6 and MRL mice.
Chr15 locus and individual krt gene behavior. Chr 15 Krt gene expression ratios (Fig. 5) behave similarly to the chr 11 Krt and Krtap genes in Fig. 3 and can be divided into the same three classes that are similarly statistically distinguishable from each other.
We also examined absolute chr 15 Krt gene expression levels (Fig. 6, A and B) , expressed as log 10 values. As with chr 11 Krt and Krtap genes, expression of individual class 3 genes remained relatively unchanged from day 0 and throughout the postamputation period. However, the range of differences in the absolute expression of individual genes was quite broad and extended almost 170-fold in both strains, varying from the least expressed to the most highly expressed. Class 2 genes cover a lower range of absolute expression levels, ϳ10-fold in both B6 and MRL strains at day 0. These genes start highly expressed at day 0 in B6 but drop significantly at day 3. By contrast, in MRL the exact opposite is observed. Again, class 2 genes possess similar expression levels at day 7 and nearly identical expression levels at day 14.
The class 1 genes, Krt6a and Krt6b, exhibit opposite expression behaviors in B6 vs. MRL to that of class 2 genes; expression changed from day 0 to day 3 clearly opposite in B6, going from lower to higher expression level, compared with MRL, which started higher then decreased to a lower expression level. Expression levels at days 3, 7, and 14 were higher in B6 vs. MRL strains by a wide range from ϳ1.5-fold to 11-fold. These findings were confirmed by q-rtPCR.
Keratinocyte activation cycle: is uninjured MRL tissue in the activated state? Elevated expression levels of Krt6, Krt16, and Krt17 are markers for an activated keratinocyte state, a state associated with wound healing (30) and other pathological skin states such as psoriasis (44) . Our data suggested that MRL mice may have keratinocytes in the activated state in uninjured tissue, while B6 mice do not. We tested this idea by examining the microarray expression levels of 40 genes known to be upregulated and associated with promoting and maintaining the keratinocyte activated state (17) and comparing their levels in MRL to B6 (Fig. 7, A-D) . First, we examined all genes on the microarray chips for MRL and B6 in Fig. 7A (for day 0) and Fig. 7B (for day 3) . For both days the great majority of these genes showed no differences in strain-specific expression foldchange, being clustered symmetrically about the slope ϭ 1 line. However, there are thinly populated gene expression distributions that lie significantly above the ϩ4 SD line as well as below the Ϫ4 SD line calculated from the total gene microarray data. Next, for MRL and B6 in Fig. 7C (day 0) and Fig. 7D (day 3) we examined just the 40 genes associated with the keratinocyte activated state. In Fig. 7C , eight of these biomarker genes had expression levels greater than the ϩ4 SD line (same SD from Fig. 7A calculated from total microarray data); therefore, they are significantly greater in expression levels for MRL in unwounded tissue than for B6, suggesting that the MRL strain tissues exhibit the keratinocyte activated state. By postamputation day 3 (Fig. 7D) , seven of these same eight genes exhibit the opposite behavior, where their expression levels were below the Ϫ4 SD line (same SD as from Fig.  7B) . Thus, at day 3, these B6 genes now display a keratinocyte activated state behavior, while MRL displays lower levels than at day 0 and appears to exhibit gene activity consistent with a diminished level of keratinocyte activation. These data suggest that the MRL mice have at least some of their signaling networks tuned to exist in the activated state prior to wounding, whereas the B6 mice do not. Thus, MRL mice might gain a significant advantage over B6 mice in responding to an injury, including the potential to heal wounds more effectively and possibly scarlessly, as is the case with healing of MRL ear hole wounds (10) .
Keratin gene and keratinocyte activation cycle association network analysis.
We examined the keratinocyte activation state cycle model for MRL mice by performing a networkbased analysis using Cytoscape and literature-based proteinprotein linkages from String 8.2. The results are shown in Fig. 8 as a Cytoscape-generated image of the gene network connectivity integrated with the keratinocyte activation cycle model for day 0 microarray expression ratios of the two strains. The network is based upon the keratinocyte activated state model presented in a recent review (17) Fig. 8) show that the Krt16 and Krt6 genes are expressed at significantly higher levels in MRL compared with B6 at day 0, clearly indicating an activated state for MRL mice, but not B6 mice. Genes shown as white circles exhibited no significant differences between the two strains. Therefore, Krt17 (a contractile gene marker), Krt1, and Krt10 (a differentiation state IF pair), and Krt5 and Krt14 (a basal state IF pair) exhibit no expression difference in MRL mice vs. B6 mice at day 0 (Fig. 8, Table 2 ).
Progression to the activated state is promoted by Il1, and that state is maintained by Tnf and Tgfa (17) . We show that of three Il1 activation-promoting genes and receptors (II1a, II1b, II1rn), only Il1b is more highly expressed in MRL mice, whereas the other two show no differences. The Tnf species is also differentially expressed, but to a lesser extent. The differentially expressed control genes Il1b and Tnf possess significant network connectivity to the keratinocyte activation state genes.
The genes presented within the box (dashed line in Fig. 8 ) are all genes that were reported to be upregulated in the keratinocyte activated state (17) . On day 0, they are either more highly expressed in MRL vs. B6 strains or are not different at all. The complete temporal gene expression data (Fig. 9) for six of the genes (S100a8, S100a9, Il6, Csf3r, Il1b, and Tnf) associated with Krt6 and Krt16 in the activated state show significantly higher expression levels in MRL compared with B6. At day 3, this relationship reverses for all six genes. By day 7 through day 14, all six genes decline in expression, with higher expression levels maintained in B6. These gene expression behaviors are consistent with uninjured MRL tissue existing in a keratinocyte activated state, while the B6 tissue acquires the gene signatures of the keratinocyte activated state by day 3 postinjury.
Immunohistochemical staining of keratin genes. Given the unusual expression behavior exhibited by the group of class 1 genes Krt16, Krt6a, and Krt6b in B6 and MRL mice, we examined Krt16 protein expression via immunohistochemical (IHC) staining of day 0 B6 and MRL uninjured digit tissue. As seen in Fig. 10 , normal MRL and B6 digits showed expression of Krt16 protein in the epidermis as expected. Although B6 digit tissue (Fig. 10A ) exhibited Krt16 staining of the surface keratinized layer, Krt16 was evident in the thickened multilayered epidermis in MRL (Fig. 10B) , consistent with an activated keratinocyte phenotype in this uninjured tissue. These findings are consistent with our previous gene expression data demonstrating that uninjured MRL tissues exist in a keratin activated state rendering it more effective in responding to an injury.
Examination of injured digit tissue showed what appeared to be significant nonspecific staining, with binding to all structures, and therefore these studies have not been included. However, ear hole closure is representative of the regeneration process. Given that MRL mice have been previously shown to exhibit the complete regenerative process during ear hole closure (10), whereas digit healing in these mice is representative of incomplete regeneration that involves blastema formation, we examined Krt protein expression by IHC in MRL and B6 ear tissue during regeneration. In this case, we used ear tissue both pre-and postinjury from both strains. As a control keratin gene, we examined Krt10, a class 3 gene that is not differentially expressed between MRL and B6 regenerating digits over time (see Fig. 4 and Table 2 ). Krt10, which is expressed in the epidermis of injured ear tissue, displays similar expression between MRL and B6 mice (Fig. 11, A and B, and Fig. 12 with quantitative data) and disappears from the injury site in both strains (arrows). This finding is consistent with our Krt10 regenerating digit expression levels presented in Fig. 4 and Table 2 . Krt6 and Krt16 proteins both show Fig. 9 . Temporal log10 (expression Levels) of digit amputation RNAs for activation cycle genes. A: Il1b, Il6, and Csf3r genes in MRL and B6; B: S100a8, S100a9, and Tnf genes in MRL and B6 from microarray data. Genes for each strain are indicated for MRL (solid lines) and B6 (dashed lines) strains. Fig. 8 . A gene network expression view for day 0 uninjured B6 and MRL strains tissues superimposed upon the keratinocyte activation cycle (17) . The gene network view was created using STRING and Cytoscape as described in METHODS. The networks include the keratin genes involved in the different states of the cycle (within boxes or ovals), genes promoting transitions between states in the cycle (associated with cycle transition arrows), and those genes maintaining the activated state of the cycle and other genes known to be upregulated in the activated state (all inside the dashed box). Genes in diamond shapes are all Ͼ1.5-fold more highly expressed in MRL vs. B6 at day 0 based upon their microarray data. Diamond symbols in light gray background are between 1.5-and 2.0-fold more highly expressed in MRL vs. B6 strains, while those in dark gray background are Ͼ2-fold more highly expressed. All other genes within white circle symbols exhibit no significant expression difference in MRL vs. B6 strains. The fngr1 and Tgfb2 genes exhibit slightly lower expression in MRL, but not enough to be colored gray.
epidermal expression in normal and injured ear tissue. Epidermal expression increases after injury in the regenerating MRL ear significantly more than in the B6 (Fig. 11, C-F, and Fig.  12 ). Following injury, populations of cells in the dermis now show expression of both Krt16 and Krt6 in the regenerating MRL tissue. Evidence for specific Krt6 and Krt16 MRL protein expression in the ear, but not Krt10 protein expression, supports the differential MRL vs. B6 strains' gene expression microarray data generated in the digit.
To determine the generality of the high expression levels of Krt16 in the MRL, we examined tissue from normal flank skin and small intestine. As seen in Fig. 13 , our control Krt10 expression is similar between B6 and MRL in both tissues (low staining levels in MRL are nonspecific and noncell associated). However, staining of Krt16 and Krt6 (data not shown) is seen only in hair follicles in B6 but is found in the epidermis as well as the hair follicles in MRL. In the small intestine, no staining is seen in the B6, whereas epithelial and stromal cell staining is seen in the MRL. These results are consistent with the expression patterns seen in normal digit (Fig. 10) and normal ear pinna (Fig. 12) , as well as the microarray results.
DISCUSSION
B6 and MRL mice show different healing properties after injury. Our analysis of gene expression after digit amputation has highlighted the different expression patterns of keratins in the MRL regenerative strain compared with the wound healing B6 strain. MRL and B6 digits possess similar temporal expres- sion levels in uninjured tissue for a group of genes, which we refer to as class 3 Krt and Krtap genes. We identified a second group, class 2 Krt and Krtap genes, which have different starting expression levels, with B6 being greater than MRL. At day 3, expression levels in class 2 genes change, with B6 levels uniformly dropping while MRL levels uniformly increase. The opposite temporal behavior is true for only two Krt genes that comprise class 1 gene responses: Krt6a and Krt6b on chromosome 15 and Krt16 on chromosome 11. These behaviors suggest that the switch in expression levels for both class 2 and class 1 genes between day 0 and 3 for these two strains is critical for the differential biological response noted previously in their response to wounding events. In particular, unique Krt6 and Krt16 responses correlate with immunohistochemical evidence from tissue sections from normal digit and interestingly correlate with the rapid scarless healing of ear hole injury sites in MRL, but not B6 (10, 20) . In healthy epidermis, basal keratinocytes are considered to be in the inactivate state and proliferate slowly in the basal layer but differentiate in the suprabasal layer. During wounding or in pathological states involving injury to tissue, basal keratinocytes are induced to the activated state whose characteristics include migration, hyperproliferation, secretion of signaling molecules and extracellular matrix components, as well as alterations in specific keratin production. In particular, Krt6, Krt16, and Krt17 have been demonstrated to be markers of this activated state in the mouse, and a keratinocyte activation cycle has been proposed (17) . Progression through this activation cycle has been proposed to be under the control of signaling proteins, with the conversion from basal keratinocyte to activated keratinocyte initiated by IL-1. TNF-␣ is subsequently induced, and this maintains the activated state of the keratinocyte through an autocrine feedback mechanism. In turn, a host of other factors are activated, including S100a8, S100a9, TGF-␣, IL-1a, IL receptor agonist, IL-3, IL-6, IL-8, Egf, Egfr, Icam-1, Csf1, Csf2, and Csf3.
One reason for the Krt6/Krt16 pair upregulation in the activated state is that these two gene products interact, forming a specific type of keratin IF within keratinocytes. Keratin IFs serve different purposes but occur predominantly in keratin gene pairs comprising one each of a type I and type II keratin. These interacting keratin proteins tend to be expressed in pairs as the specific keratin IF is needed. It is believed that the Krt6/Krt16 pair form a necessary keratin IF for the activated keratinocyte to respond to the injury, as a study of the loss of the Krt6 gene reveals (46) . Signals from IFN-␥ induce Krt17 expression that results in keratinocytes becoming contractile; this promotes shrinking of the provisional basement membrane. Finally, fibroblast-secreted TGF-␤ signals induce Krt5 and Krt14 expression that converts the activated keratinocytes back to the basal state, thereby completing the activation cycle as the tissue has healed (17) . It is known from other expression studies that Krt6 is coexpressed with Krt16 under certain circumstances, such as following wounding (16, 29, 38) , in psoriasis (19) , and in graft-vs.-host disease (36) . Our results confirm that, like Krt16 on chromosome 11, Krt6 on chromosome 15 shows similar expression patterns for B6 vs. MRL mice that are exactly the opposite of all other Krt and Krtap expression patterns. In particular, at day 0, prior to wounding, the Krt6 and Krt16 genes are highly expressed in MRL, but not B6 strains, suggesting the occurrence of the keratinocyte activated state in MRL, but not in B6. This was corroborated at the protein level by our IHC results showing that in uninjured digit tissue the MRL digit had significantly greater Krt16 staining throughout a multilayered epidermal region, compared with a thin epidermal region for B6.
The upregulation of a number of important genes other than keratins also supports this keratinocyte activation state existing in the uninjured MRL tissue. The IL-1 signaling gene is considered the gene responsible for converting from the basal keratinocyte state, found in normal mouse skin, to the activated keratinocyte state observed following wounding and other pathological conditions (17) . We observed the Il1b gene product to be significantly expressed in MRL mice at day 0, but not in B6. The S100a8 and S100a9 gene products are also associated at elevated expression levels in the activated state, having been observed elevated along with Krt6 and Krt16, perhaps interacting with them as a heterodimeric protein. Most of these species have been observed during wound healing (38) , psoriasis (45), graft-vs.-host disease (36) , and in human pterygium, an ocular surface disease characterized by aberrant wound healing (41) . Conversely, Krt16 is reduced in chronic wounds where re-epithelialization is not occurring (35) . The S100a8 and S100a9 genes are Ca 2ϩ -dependent cell cycle control genes and may be involved in the inflammatory response. Interestingly, in a wound healing study of the PU.I null mouse, the "macrophageless" mouse, which lacks a standard inflammatory response and heals with reduced fibrosis, the Krt6, S100a8, and S100a9 genes were all upregulated, although IL-6, which is normally upregulated in wounds, was absent from null mouse wound sites (12) . In a study of mouse skin wounds versus oral mucosal wounds, IL-1a, IL-1b, and TNF-␣ were not overexpressed in mucosal wounds but were in skin wounds in which was seen a lowered inflammatory response and scarring (8) . In this study IL-1b stimulation of keratinocytes produced an elevated IL-6 response in skin keratinocytes but not mucosal keratinocytes. These studies indicate that differences in inflammatory responses of tissues undergoing repair are important in determining differences in these key gene expression levels due to the existence of critical pathway differences. Upregulation of these key genes in uninjured MRL but not B6 digit tissue is correlated with faster healing and less scarring in the MRL compared with B6, and it suggests that strain differences in inflammatory responses may exist as well. The positive effect of the inflammatory response during regeneration has been noted previously (15, 24) .
There is evidence that S100a8 and S100a9 associate physically with the keratin IF formed by Krt6 and Krt16, perhaps as a heterodimeric protein. Clearly, network connectivity is exhibited in Fig. 8 between Krt6 and Krt16 and the S100a8 and S100a9 genes, suggestive of a potential physical association since Cytoscape database linkages are based in part upon physical interactions reported in the literature. Both S100a8 and S100a9 genes are significantly overexpressed in MRL vs. B6 mouse tissues, to nearly the same extent as are Krt6 and Krt16, supporting the idea of a keratinocyte activation-like state for normal MRL tissue. Finally, the temporal expression of Krt6, Krt16, S100a8, S100a9, Csf3, Tnf, IL-6, and IL-1b all were shown to peak 3 days later in B6 compared with MRL, following which they decline slowly to day 14 in both strains, but always remaining higher in expression level in B6 compared with MRL. This is exactly the behavior to be expected if MRL uninjured tissue exists in the keratinocyte activated state, while B6 reaches that state a few days following injury, always lagging temporally behind the MRL in the Keratinocyte Activation Cycle.
While we noted the major keratinocyte activation state genes that are highly expressed at day 0 in MRL, but not in B6, a number of genes in this class are not expressed differently between the two strains. These genes suggest alternate explanations for this phenomenon. It could be that only a fraction of the cells from which the RNA was isolated are activation state keratinocytes, which can confound the expression ratio interpretation. Another explanation is that an incomplete activation state or an activation state-like behavior of the genes is being expressed because not all of the signaling networks characterizing the activated state are activated. Nonetheless, the MRL strain might gain a significant advantage over B6 in more effectively dealing with any impending injury situation by existing in this activated state preinjury. The tissue is predisposed to respond to the injury situation and can then recover more quickly, heal without scarring, and close ear hole wounds in MRL (10, 20) .
Examination of Krt16 protein expression using IHC in uninjured digit tissues of MRL and B6 showed different expression patterns. In uninjured B6 digit tissue, Krt16 was not expressed in epidermal cells but in the keratinized surface layer of the tissue. On the other hand, in uninjured MRL tissue, Krt16 was expressed in what appears to be a hyperproliferative epidermis. This is completely consistent with what is described from our gene expression studies as a keratinocyte activated state only in uninjured MRL tissue.
Though we did not show microarray gene expression data from ear tissue, examination of MRL and B6 injured ear sections shows protein expression that is consistent with the Krt digit expression patterns in the two strains. Thus, for class 3 Krt proteins, Krt10 showed no differences between MRL and B6. For class 1 Krt proteins, Krt6 and Krt16 showed higher protein expression in MRL epidermis immediately after injury. Since MRL ear holes regenerate completely (10) , and MRL digits only show incomplete regeneration (20) , it may be that the downregulation of Krt6 and Krt16 expression in the MRL digit by day 3 following injury may be responsible for incomplete regeneration of the digit. Krt16 showed unique activity in the dermis of the MRL ear postinjury. This is especially interesting because previous studies in regenerating newt limb show that keratins were expressed in the dermal tissue and specifically in the regenerating blastema (13, 16) . Furthermore, from various genetic mapping studies of MRL and LG/J ear hole closure, a narrowed genetic locus on chr 11 containing Krt genes has been identified and Krt16 is a candidate gene (2, 3, 9, 23) . This would indicate a genetic difference in Krt16 due to polymorphisms found in noncoding regions, leading to differences in regulation of gene expression. Finally, enhanced keratinocyte activity in the MRL mouse during ear hole closure (10) and digit injury (20) has been seen in that re-epithelialization occurs within 48 h in the ear and before 1 wk in the digit, whereas this will occur in the B6 over a 1 to 2 wk period. Rapid re-epithelialization occurring within 24 h after injury is an important property of amphibian regeneration (28, 34, 39) .
That Krt16 protein is highly expressed in normal MRL flank skin epidermis is at odds with the findings that MRL dorsal skin does not heal differently or possibly more poorly than B6 skin (1, 14), though we do not have expression data on postinjury skin. On the other hand, it supports the data showing that a skin graft placed in an MRL skin wound heals much better than the control strain and without scar formation (40) , suggesting that something other than keratinocyte activation and proliferation is responsible. The striking Krt16 expression in the MRL small intestine may indicate a highly regenerative organ, especially with the high level of expression in the nonepithelial stroma, which may be similar to that seen in the regenerating MRL ear.
